Abstract This paper presents a real-coded genetic algorithm (RCGA) with new genetic operations (crossover and mutation). They are called the average-bound crossover and wavelet mutation. By introducing the proposed genetic operations, both the solution quality and stability are better than the RCGA with conventional genetic operations. A suite of benchmark test functions are used to evaluate the performance of the proposed algorithm. Application examples on economic load dispatch and tuning an associative-memory neural network are used to show the performance of the proposed RCGA.
Introduction
Genetic algorithm (GA) is one evolutionary computation technique [9] that can tackle complex optimisation problems [9, 17, 23] . It has been applied in different areas such as fuzzy control [13, 15] , tuning of neural or neural fuzzy network [14, 16] , path planning [11] , greenhouse climate control [1] , economic load dispatch (ELD) [2, 27] , etc. Traditional binary GA [5, 9, 19, 25] has some drawbacks when applying to multidimensional and high-precision numerical problems. The situation can be improved if GA in real numbers is used. Each chromosome is coded as a vector of floating point numbers that has the same length as the solution vector. A large domain can thus be handled. Much research effort has been spent to improve the performance of real-coded GA (RCGA). In general, RCGA involves three operations: selection, crossover and mutation. The selection operation is used to select the chromosomes from the population with respect to some probability distribution based on fitness values. The crossover operation is used to combine the information of the selected chromosomes (parents) and generate the offspring. The mutation operation is used to change the offspring genes. Selection schemes such as rank-based selection, elitist strategies, steady-state election and tournament selection were reported [5] . Recently, different crossover operations for RCGA have been proposed to improve the efficiency of the algorithm. The extended intermediate recombination (crossover; EIX) was proposed by . The genes (variables) of the offspring are chosen somewhere between the genes of the parents. It is capable of producing any point within a hypercube slightly larger than that defined by the parents. The unimodal normal distribution crossover (UNDX) was proposed by Ono et al. [12, 22] for handling multimodal functions and non-separability problems. UNDX mixes the parental information and shows a good searching ability. However, it changes the fundamental concept that the crossover operation should combine the parents to generate offspring, not mixing the parents. The blend crossover (BLX-α) was proposed by Eshelman and Schaffer [7] , which combines the parents to reproduce offspring. It shows a good searching ability for separable functions. However, BLX-α has difficulty in handling non-separability optimisation problems. Also, the above crossover operations are not suitable for optimisation problems with the optimal point located near the domain boundary. For mutation operations, the uniform mutation and non-uniform mutation can be found [19, 21] . The uniform mutation is to change the value of a randomly selected gene to a value between its upper and lower bounds. The non-uniform mutation is capable of finetuning the parameters by increasing or decreasing the value of a randomly selected gene with respect to a weighted random number. The weight is usually a monotonic decreasing function of the number of iteration.
In this paper, new genetic operations of crossover and mutation are proposed. The crossover operation is called the average-bound crossover (ABX), which combines the average crossover and bound crossover. The average crossover manipulates the genes of the selected parents, the minimum and the maximum possible values of the genes. The bound crossover is capable of moving the offspring near the domain boundary. On realizing the ABX operation, the offspring spreads over the domain so that a higher chance of reaching the global optimum can be obtained. The proposed mutation operation is called the wavelet mutation (WM), which applies the wavelet theory [3, 4, 18] to realize the mutation. Wavelet is a tool to model seismic signals by combining dilations and translations of a simple, oscillatory function (mother wavelet) of a finite duration. The wavelet function has two properties: (1) the function integrates to zero, and (2) it is square integrable, or equivalently has finite energy. Thanks to the properties of the wavelet, the convergence and solution stability are improved. By introducing these genetic operations, the RCGA performs more efficiently and provides a faster convergence than the RCGA with conventional genetic operations in a suite of 18 benchmark test functions [6, 8, 24, 30] . In addition, the RCGA with the proposed operations gives smaller standard deviations of results, i.e. the solution quality of the RCGA with the proposed operations is more stable. An experimental study will be made to evaluate the searching ability of the proposed mutation. Also, the sensitivity of the parameter in WM and the sensitivity of the genes' initial range for the proposed RCGA to the searching performance will be discussed. Application examples on ELD and tuning an associative-memory neural network are also given to show the performance of the proposed RCGA. This paper is organized as follows. Section 2 presents the operation of the proposed genetic operations. Experimental studies and analysis are discussed in Section 3. Eighteen benchmark test functions will be used to evaluate the performance of the proposed method. Application examples on ELD and tuning an associative-memory neural network are given in Section 4. A conclusion will be drawn in Section 5.
Average-bound crossover and wavelet mutation for RCGA
The RCGA process [5, 19, 25] is shown in Fig. 1 . First, a set of population of chromosomes P is created. Each chromosome p contains some genes (variables). Second, the chromosomes are evaluated by a defined fitness function. The better chromosomes will return higher fitness function values in this process. Third, some of the chromosomes are selected to undergo genetic operations for reproduction by the method of normalized geometric ranking [10] . Normalized geometric ranking is a selection based on a non-stationary penalty function, which is a function of the generation number. As the number of generation increases, the penalty increases that puts more and more selective pressure on the RCGA to find the feasible solution. In general, a higher-rank chromosome will have a higher chance to be selected. Fourth, genetic operations of crossover are performed. The crossover operation is mainly for exchanging information between two parents that are obtained by the selection operation. In the crossover operation, one of the parameters is the probability of crossover p c which gives the expected number p c × pop_size (where pop_size is the number of chromosomes in the population) of chromosomes that undergo the crossover operation in a generation. We propose a new crossover operation here. First, four chromosomes are generated (instead of two chromosomes in the conventional RCGA) from two selected parents. Second, the best two offspring in terms of the fitness value will be selected to replace their parents. After the crossover operation, the mutation operation follows. It operates with a parameter called the probability of mutation ( p m ). The mutation operation is to change the genes of the chromosomes in the population such that the features inherited from their parents can be changed. After going through the mutation operation, the new offspring will be evaluated using the fitness
